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ABSTRACT: The Aragón Valley glacier (Central Western Pyrenees) has been studied 20 
since the late 19th century and has become one of the best areas in the Pyrenees to study 21 
the occurrence of Pleistocene glaciations and the relationships between moraines and 22 
fluvial terraces. New morphological studies and absolute ages for moraines and fluvial 23 
terraces in the Aragón Valley allow a correlation with other Pyrenean glaciers and 24 
provide solid chronologies about the asynchroneity between global Last Glacial 25 
Maximum (LGM) and the Maximum Ice Extent (MIE). Six frontal arcs and three lateral 26 
morainic ridges were identified in the Villanúa basin terminal glacial complex. The 27 
main moraines (M1 and M2) correspond to two glacial stages (oxygen isotopic stages 28 
MIS 6 and MIS 4), dated at 171 ± 22 ka and 68 ± 7 ka, respectively. From a 29 
topographical point of view, moraine M1 appears to be linked to the 60 m fluvioglacial 30 
terrace, dated in a tributary of the Aragón River at 263 ± 21 ka. The difference in age 31 
between M1 moraine and the 60 m fluvioglacial terrace suggests that the latter belongs 32 
to an earlier glacial stage (MIS 8). Moraine M2 was clearly linked to the fluvioglacial 33 
20 m terrace. Other minor internal moraines were related to the 7–8 m terrace. The dates 34 
obtained for the last glacial cycle (20–18 ka) are similar to other chronologies for 35 
Mediterranean mountains, and confirm the occurrence of an early MIE in the Central 36 
Pyrenees that does not coincide with the global LGM. 37 
 38 
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 41 
Introduction 42 
The Central Spanish Pyrenees include some of the best-developed and preserved glacial 43 
complexes in southern Europe. A frontal glacial complex in the Aragón Valley was 44 
already described in the late 19th century (Penck 1883), and several hypotheses 45 
concerning the number of glacial periods represented in the terminal area and the ages 46 
of the main glacial advances have been the subject of much subsequent discussion. 47 
Following Penck’s study in the Central Pyrenees, the main features of the Pyrenean 48 
Quaternary glaciers were defined, including their extent. Penck confirmed that glaciers 49 
on the northern face of the Pyrenees reached lower altitudes than did those on the 50 
southern face (400–600 m a.s.l. and 800–1000 m a.s.l., respectively), and that the 51 
former ones were longer. He also noted the presence of various fluvial terrace levels, 52 
each corresponding to a cold period in the Quaternary. Panzer (1926) studied the frontal 53 
complex in the Aragón River Valley and recognized the presence of two glacial stages 54 
(then attributed to the Riss and Würm stages), based on the link between the two main 55 
end moraines and two terrace levels (60 and 20 m) in the Aragón River. Studies of the 56 
Pyrenean Quaternary glaciers intensified after the Second World War, particularly in 57 
the Aragón and Gállego valleys. These studies were carried out by French and Spanish 58 
geologists and geographers, including Solé-Sabarís (1941), Llopis-Lladó (1947) and 59 
Fontboté (1948), who pursued the arguments of Panzer (1926). However, Barrère 60 
(1963) argued that there was evidence for only one glaciation because there was no 61 
physical connection between the moraines and terraces. More recent studies have had a 62 
regional focus (Calvet 1984; Martí-Bono and García-Ruiz 1994; Martí-Bono 1996; 63 
Chueca et al. 1998; Serrano 1998; García-Ruiz and Martí-Bono 2011; Calvet et al. 64 
2011; García-Ruiz et al. 2011; Montserrat-Jiménez et al. 2012), and no dates for the 65 
Aragón Valley deposits have been reported. Various studies of the Gállego Valley 66 
located 15 km east of the Aragón Valley (Montserrat 1992; García-Ruiz et al. 2003; 67 
Peña et al. 2004; González-Sampériz et al. 2007; Sancho et al. 2008; Lewis et al. 2009; 68 
Sancho et al. 2011) provided optically stimulated luminescence (OSL) and radiocarbon 69 
dates for the glaciolacustrine deposits, terraces and moraines, and concluded that the 70 
glacial maximum in the Central Pyrenees occurred earlier (oxygen isotope stages MIS 4 71 
and MIS 3) than in central and northern Europe (MIS 2). Other studies in the 72 
Mediterranean mountains based on 14C and OSL dating techniques led to similar 73 
conclusions (Mardones and Jalut 1983; Andrieu et al. 1988; Jalut et al. 1992; Jiménez-74 
Sánchez and Farias 2002; Hughes and Woodward 2008; Jalut et al. 2010; Moreno et al. 75 
2010). Nevertheless, Pallàs et al. (2006) and Delmas et al. (2008) proposed a major 76 
glacial advance during the LGM in the Noguera Ribagorzana and the Têt valleys, 77 
central and eastern Pyrenees, respectively. Recent 10Be exposure ages (Pallás et al. 78 
2010) confirmed that the maximum glacial extent in some eastern Pyrenees valleys (the 79 
Carol and Malniu valleys) may have occurred during MIS 4. 80 
 The main objective of this paper is (i) to provide a global overview of the Late 81 
Pleistocene glacial stages in the Pyrenees, and to correlate information from various 82 
valleys and dating techniques, including OSL dates from the Aragón Valley; and (ii) to 83 
review the chronological position of the Pyrenean late Pleistocene glaciers in the 84 
context of the last glacial cycle in the Mediterranean mountain glaciers. 85 
 86 
The study area 87 
The Pyrenees is a 440 km long mountain range extending from the Bay of Biscay 88 
(Atlantic Ocean) to Cape Creus (Mediterranean Sea). The structure of the Pyrenees is 89 
related to Alpine tectonics, although major Paleozoic outcrops are present in many parts 90 
of the range. The main peaks occur in the Central Pyrenees in granite or Paleozoic 91 
metamorphic rocks (Aneto peak, 3404 m a.s.l.; Posets peak, 3371 m a.s.l.; Infierno, 92 
3177 m a.s.l.), and Alpine calcareous massifs (Monte Perdido, 3355 m a.s.l.). The peaks 93 
tend to decrease in height towards the west and the east. Glacial and fluvial valleys 94 
incise the range in both the north and the south sides forming deep canyons in the 95 
calcareous areas. Glaciers were, in general, of modest size compared with those in the 96 
Alps, although excellent examples of cirques, U-shaped valleys, over-excavated basins, 97 
tills and moraines can be found up to 400–600 m a.s.l. on the northern slopes and up to 98 
800 m a.s.l. on the southern slopes. 99 
The Aragón Valley is located in the southern slope of the western central 100 
Pyrenees (Fig. 1). The valley crosses three east-west trending lithological units: 101 
(i) The uppermost part of the watershed is comporsed of Paleozoic formations 102 
(marine limestones, quartzites and shales, and continental sandstones and 103 
conglomerates) with some volcanic rocks (andesites). They are intensively 104 
folded and faulted by the Variscan and Alpine orogenies. The highest peaks 105 
exceed 2400 m a.s.l. (the highest is Anayet peak, 2559 m a.s.l.). 106 
(ii) The Inner Ranges are composed of marine Cretaceous and Eocene limestones 107 
and sandstones folded during the Alpine orogeny. They form a series of 108 
overthrusting anticlines displaced towards the south, with an abrupt relief on 109 
both the north and the south faces, and large glacial cirques (García-Ruiz et al. 110 
2000), avalanche chutes and screes, particularly on the northern face. In this 111 
sector, the Inner Ranges reach their highest altitude at the Collarada peak (2886 112 
m a.s.l.). 113 
(iii) The Flysch Sector is composed of alternating thin beds of Eocene sandstones 114 
and marls, intensively folded by the Alpine orogeny. The relief is smoother, with 115 
wide divides that progressively become smaller to the south as the valleys 116 
become wider because of the high erodibility of these materials. In general, the 117 
major glaciers of the central and western Spanish Pyrenees ended in the Flysch 118 
Sector (Fig. 1). 119 
The Aragón glacier was approximately 30 km in length, with an ice thickness 120 
exceeding 400 m in some places (Martí-Bono 1996). Other glaciers in the region 121 
recorded long distances between the headwater cirques and the terminal fronts, 122 
particularly the Aragón Subordán ice tongue (García-Ruiz et al. 2011). A variety of 123 
tributaries contributed to growth of the main glacier. As a result of differences in the 124 
erosion capacities of these small tributaries relative to the Aragón glacier, most of these 125 
remain perched 200-400 m above the main valley floor. 126 
The headwater of the Aragón Valley is one of the most humid areas in the 127 
southern Pyrenees, with a strong influence from Atlantic Ocean fronts. The ski resort of 128 
Candanchú (1600 m a.s.l.) records an average annual precipitation of 1887 mm, and 129 
estimates of approximately 2500 mm have been reported for the divides (Del Barrio et 130 
al. 1990). 131 
 132 
Methods 133 
A geomorphological map was developed based on aerial photographs (from 1956 and 134 
1977, at scales of 1:33 000 and 1:18 000, respectively) and detailed field work in the 135 
central-western part of the Spanish Pyrenees. The map included the location of cirques, 136 
U-shaped valleys, glacial deposits, fluvial deposits (terraces), hillslope deposits and 137 
mass movements (García-Ruiz et al. 2011). Figure 2 refers to the terminal sector of the 138 
Aragón Valley glacier, and only the glacial and fluvial deposits are represented. Field 139 
work focused on the relationships between the moraines and terraces. 140 
 The flattness and abrasion indices for gravels were obtained in the field from the 141 
moraines, terraces and the present fluvial channel of the Aragón River, using the 142 
methods of Cailleux and Tricart (1963). For the flatness index: (L + 1)/2E, where L is 143 
the maximum length of the pebble, l is the maximum width, and E is the thickness, and 144 
for the abrasion index: 2000r1/L, where r1 is the minor radius than we can identify in the 145 
plane of the pebble. 146 
The objective was to define the morphometric relationships among the various 147 
deposits, and to assess the fluvioglacial or torrential character of the terraces. Only the 148 
red sandstone clasts from the Permian formations were used, because they are easily 149 
identified and came from the headwater of the valley. The size of the selected clasts 150 
(one hundred from each sample) was 4–8 cm. 151 
 OSL techniques were used to date quartz from sand lenses within the glacial till, 152 
and well sorted fluvial sands within massive gravel deposits (fluvial terraces). Standard 153 
sampling techniques involving plastic and metal tubes were used for poorly lithified 154 
materials. Sample preparation and OSL measurements were carried out at the 155 
Luminescence Dating Laboratory of the Research Laboratory for Archaeology and the 156 
History of Art (University of Oxford, UK; http://www.rlaha.ox.ac.uk). Sand-sized 157 
quartz was extracted based upon the method described by Rhodes (1988). This involved 158 
sieving, concentrated hydrofluoric acid treatment (with additional hydrochloric acid 159 
present), and density separation of heavy minerals using sodium polytungstate solution. 160 
OSL dating was based on the single aliquot regenerative-dose (SAR) protocol (Murray 161 
and Wintle 2000), using a Riso TL-DA-15 automated luminescence reader. The gamma 162 
dose rate was based on in-situ gamma ray spectrometry, while neutron activation 163 
analysis (NAA) of the U, Th and K concentrations were used to estimate the beta dose 164 
rate for each sample. Based on in-situ samples, a water content value of 15 ± 5% was 165 
used in age calculations. All OSL dates are presented with a 1 sigma uncertainty. 166 
 167 
Results 168 
Glacial records 169 
The terminal area of the Aragón Valley glacier, also termed the Villanúa basin, is 170 
located in the Flysch Sector of the Central Pyrenees, where the valley widens 171 
considerably (Fig. 2). The best examples of morainic deposits in the Aragón Valley and 172 
arguably the entire southern Pyrenees are located between Villanúa and Castiello de 173 
Jaca. 174 
The terminal area is flanked by lateral moraines that progressively descend in 175 
height toward the valley floor, indicating a thinning of the ice tongue because of 176 
enlargement of the valley and acceleration of melting processes. On the right margin 177 
three lateral morainic ridges are at the same altitude as the village of Aratorés (Fig. 2). 178 
Two of the ridges run parallel and close to each other. They block the outlet of the 179 
tributary ravine and a temporary lake that was filled with sediment (glaciolacustrine 180 
deposits). The third ridge is more external, close to the valley wall, with no topographic 181 
evidence and only marked by the presence of scattered boulders of morainic-origin. 182 
The lateral morainic ridges on the left margin are larger and more continuous 183 
than those on the right margin. The outer ridge is the biggest and forms a large hill that 184 
extends toward the south-southwest, and culminates at 1082 m a.s.l. (i.e., approximately 185 
160 m above the valley floor). At a lower altitude and in an internal position, another 186 
lateral moraine turns toward the axis of the valley, where it connects with minor frontal 187 
deposits. As on the right margin of the valley, some remnants of glacial tills (sub-188 
rounded boulders) are scattered close to the valley wall. 189 
At the bottom of the terminal area there are up to six frontal arcs within a 190 
distance of 3 km; these were originally identified by Panzer (1926). Llopis-Lladó (1947) 191 
differentiated these as large (M1, M2) and small (m1, m2, m3, m4) frontal arcs. 192 
The outermost arc (M1) connects topographically with the 60 m terrace of the 193 
Aragón River (Fig. 3), where the village of Castiello de Jaca is located (921 m a.s.l.). 194 
The moraine extends approximately 80 m above the current Aragón River channel, and 195 
forms an impressive hill almost transverse to the valley direction. The second arc (m1), 196 
0.5 km upstream, rises only 10 m above the 15–20 m terrace of the Aragón River. 197 
The third arc (M2) has a similar relief to that of M1 (Fig. 3). M2 is an arched hill 198 
transverse to the direction of the Aragón Valley, and up to 80 m high above the Aragón 199 
river channel. This arc links with the 15–20 m terrace level of the Aragón River. 200 
Approximately 1 km upstream of M2 the three minor transverse frontal arcs 201 
(m2, m3 and m4) are cut by the main highway and rail road (Fig. 4). 202 
The outermost moraine (M1) clearly links with the lateral, scattered remnants 203 
located against the valley walls, particularly on the right side. The thick moraine M2 204 
appears to connect to the two inner moraine ridges of Aratorés (right margin), and is 205 
also apparently a continuation of the large, intermediate ridge on the left margin. The 206 
inner and lower ridge on the left margin links relatively well to the innermost frontal 207 
arcs (m2–m4). These internal arcs connect with a lower terrace level (7–8 m), 208 
suggesting a new advance rather than a retreat. 209 
Figure 5 shows the accumulated curves of the abrasion index of Permotriasic 210 
sandstones in four of the frontal tills (M1, M2, m2 and m3). The separation of M1 and 211 
M2 from m2 and m3 is evident, with the latter two arcs more eroded or rounded. The 212 
average abrasion indices for M1 and M2 were 70 and 50, respectively, whereas the 213 
indices for m2 and m3 were 155 and 135, respectively. This suggests a glacier retreat 214 
after M2 was deposited, and a new advance during a later glacial stage when m2, m3, 215 
and m4 were deposited. During this new advance relatively rounded clasts from fluvial 216 
deposits where incorporated into the till. The internal structure of these minor moraines 217 
is very simple, with a nucleus of lodgement till and a cover of ablation till. The 218 
morphology of the moraine ridges is rounded, showing the effect of a degradation and 219 
considerable lowering, that is typical in unconsolidated Quaternary deposits on steeply 220 
sloping landforms (Putkonen and O’Neal, 2006). 221 
Upstream, the lateral morainic ridges continue on both the right and left margins. 222 
On the right margin, at the Lierde ravine confluence, a thick moraine can be followed 223 
toward the south for several hundred meters. The partial dismantling of this moraine 224 
resulted in an alluvial fan that occupies part of the alluvial plain of the Aragón River. 225 
On the left margin, the lateral ridges blocked the Villanúa ravine and formed a lateral 226 
lake filled with glaciolacustrine sediments. Many other tills are scattered in the 227 
headwater of the valley, particularly in some of the tributary valley glaciers (e.g., the 228 
Izas Valley). 229 
 230 
Moraines and terraces 231 
One of the most significant problems in the study of glacier development in the Aragón 232 
Valley is the relationship between moraines and fluvial terraces. Figure 6 shows this 233 
relationship in the terminal area of the Aragón glacier, and indicates that: (i) moraines 234 
m2, m3 and m4 are related to the 7–8 m terrace; (ii) the 20 m terrace is fluvioglacial, 235 
given its sedimentological characteristics (see below) and the connection with moraines 236 
m1 and M2; and (iii) the 60 m terrace is thick (approximately 25 m) at Castiello de Jaca, 237 
but thins to 5–10 m at Jaca, 10 km downstream. 238 
The 60 m terrace shows three different units: (a) a basal unit (5–7 m thick) with 239 
well-rounded gravels (median size of the largest gravels, 28 cm); (b) a middle sandy 240 
unit (less than 1 m thick), probably corresponding to a fluvial marginal position within a 241 
braided stream. This layer was eroded before 1996 because of the retreat of the terrace 242 
scarp; and (c) an upper unit (almost 20 m in depth) composed of coarse gravels (median 243 
size of the largest gravels greater than 75 cm). 244 
In order to identify depositional environments (fluvial and glacial), a 245 
morphometric analysis of the clasts in the 20 m and 60 m terraces and in the moraines 246 
was conducted.. The samples came from: (i) the current bed of the Aragón River, at the 247 
headwaters (Candanchú, 1420 m a.s.l.), in Castiello de Jaca (i.e., at 850 m a.s.l.,18 km 248 
downstream from Candanchú), and in Santa Cilia (650 m a.s.l., 45 km from the 249 
headwaters); (ii) the 20 m and 60 m terraces in the terminal glacial complex of Villanúa. 250 
For the 60 m terrace, morphometric analyses were performed in the lower and upper 251 
units; and (iii) tills of the M1, M2, m2, and m3 moraines. 252 
Figure 7 shows the flatness and abrasion indices. With respect to flatness, 253 
current fluvial deposits and the lower unit of the 60 m terrace group together (index 254 
values approximately 2.2–2.5). The moraines, the 20 m and the upper unit of the 60 m 255 
terraces have flatness indices of approximately 1.8–1.9, indicative of less intense 256 
reworking during transport. The lowest indices are, in general, typical of pebbles 257 
transported by the ice. The increment of pebble flatness only occurs after a long fluvial 258 
transport. 259 
The abrasion index shows greater variation. In the case of the current Aragón 260 
River, the index progressively increases from the headwater (index value = 200) to 261 
Santa Cilia (index value = 285). The index value for the lower part of the 60 m terrace 262 
(255) and the Aragón River at Castiello de Jaca (260) are similar. The abrasion index 263 
for the 20 m and 60 m (upper unit) terraces are higher than those for the moraines, 264 
particularly in the case of M1 and M2.  265 
Geomorphological relationships and flatness and abrasion values indicate that 266 
the 20 m terrace is of fluvioglacial origin. The 60 m terrace was formed during a period 267 
of progression and stabilization of the glacier. The glacier front was initially located far 268 
upstream, and the basal sediments were deposited in a fluvial environment. As the 269 
glacier front advanced, the gravel size increased significantly, and both glacial and 270 
fluvial processes were responsible for deposition of the terrace (Höllermann 1971; 271 
Martí-Bono 1973). 272 
 273 
Chronological data 274 
Three OSL dates were obtained in the terminal area of the Aragón Valley glacier, two 275 
from moraine sediments and one from a terrace (see Figs. 2 and 4 for the location, and 276 
Table 1). It was not possible to sample more material for more OSL dates because of the 277 
lack of well-sorted fluvial sands and the difficulty to identify them within the glacial till 278 
covered with dense vegetation. Moraine M1 was sampled in a trench recently created 279 
during construction of a new forest road, and provided and age of 171 ± 22 ka. The age 280 
of the 20 m terrace, sampled at a scarp eroded by the Aragón River near Castiello de 281 
Jaca, was 68 ± 7 ka, and consequently moraine M2 is of similar age.  Finally, moraine 282 
m2 (Fig. 8) was sampled at a new scarp created by gravel quarry, and gave an age of 51 283 
± 4 ka, that should be younger than M2, given its more internal position, 284 
A 60 m terrace level in a tributary of the Aragón River (the Aragón Subordán 285 
River) was sampled at Javierregay (Fig. 9) and dated with OSL methods. Both, the 286 
similar height and the soil characteristics (a red soil) suggest that the Javierregay terrace 287 
is comparable to Castiello de Jaca terrace. This possibility had been suggested by 288 
several authors that provided a regional perspective of the Quaternary deposits in the 289 
Upper Aragón Valley and its tributaries (Barrère 1963; García-Ruiz et al. 2011). 290 
Nevertheless, it is noteworthy that the 60 m terrace of Javierregay is located more than 291 
15 km downstream of the glacial front, so the relative elevations of the two terraces 292 
cannot be compared without uncertainties. The OSL age of the Javierregay terrace is 293 
263 ± 21 ka (Table 1). 294 
 295 
Discussion 296 
Glacial stages in the Aragón Valley 297 
We report here new dates for the glacial stages in one of the major valleys in the 298 
Pyrenees, with a complex terminal basin including frontal, and lateral moraines, and 299 
various terrace levels in close proximity. Although relatively few dates were obtained, 300 
these are consistent with other chronologies for both the Spanish and the French sides of 301 
the Central Pyrenees. 302 
Following Panzer (1926), various studies suggested that two glaciations (Riss 303 
and Würm, according to the Alpine terminology) were represented in this glacial 304 
terminal complex. This was consistent with the apparent link between the outermost 305 
moraine (M1) and the 60 m fluvial terrace, whereas m1 and M2 were related to the 20 306 
m terrace. However, Barrère (1963) considered that the M1 moraine was leaning against 307 
the scarp of the 60 m terrace, and rejected the suggestion of a link between the two 308 
sedimentary bodies. Barrère (1963) also argued that in the neighbouring Gállego Valley, 309 
the 60 m terrace was completely disconnected from the glacial deposits. However, no 310 
absolute dating was available to solve these conflicting hypotheses. 311 
Morphometric analysis of tills and terraces, and OSL dating identifies at least 312 
two main glacial stages in the Villanúa/Castiello de Jaca terminal area: 313 
(i) The M2 moraine corresponds to the maximum ice extent (MIE) of the glacier 314 
during the last glacial cycle, dated at approximately 68 ± 7 ka (MIS 4), as this is 315 
the age of the 20 m terrace connected to the moraine. The m1 moraine should 316 
have the same age. 317 
(ii) The M1 moraine does not correspond to the same glacial stage as M2, given the 318 
very different OSL dates obtained. The 171 ± 22 ka age of the M1 moraine 319 
suggests that it was deposited during an older glaciation (MIS 6)  320 
(iii) Moraines m2, m3 and m4 are associated with the 7–8 m terrace, and represent a 321 
new advance following the retreat of the glacial ice after the formation of M2. 322 
Their abrasion index was higher than for M2, suggesting that fluvial sediments 323 
were incorporated into the glacial till. Only the m2 moraine could be dated and 324 
gave an age of 51 ± 4 ka. 325 
The relationship between the M1 moraine and the 60 m terrace remains unclear. 326 
It is evident that the terrace formed during a progression of the ice tongue, because the 327 
sediment coarsens progressively from the bottom (where fluvial processes were 328 
dominant) to the top (where fluvioglacial features are evident). However, our results 329 
indicate that the 60 m terrace formed during a period of progression and stabilization of 330 
the glacier. 331 
The age of the 60 m terrace obtained in a tributary of the Aragón River (263 ± 332 
21 ka) is much older than the M1 moraine (171 ± 22 ka) and suggests that the terrace 333 
may correspond to a previous glacial stage (MIS 8), and that the M1 moraine leaned 334 
against the pre-existing terrace, as suggested by Barrère (1963). Nevertheless, it is 335 
important to note that the distance between the terrace of the tributary of the Aragón 336 
River and the deposits at the front of the Aragón glacier makes difficult to establish a 337 
clear correlation among them. Surprisingly, a study of the extent of weathering of 338 
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sediments in terraces and moraines of the Aragón Valley revealed that the development 339 
of soil in the 60 m terrace occurred prior to the construction of moraines and that, as a 340 
consequence, there was no connection between these sedimentary bodies (Vidal-Bardán 341 
and Sánchez-Carpintero, 1990). However, other factors may be responsible for different 342 
soil development in the different topographic conditions occurring on a flat terrace or a 343 
moraine slope where erosion is able to rejuvenate the soil. It is important to notice that, 344 
the 50–60 m terraces in the Gállego and Cinca valleys (also in the Central Pyrenees) 345 
have been dated at 178 ± 21 ka to 151 ± 11 ka (Lewis et al., 2009), which is similar to 346 
the date obtained for the M1 moraine, but younger than the 60 m terrace in the Aragón 347 
River. A different behavior of western (Aragón glacier) relative to eastern (Gállego and 348 
Cinca) glaciers during previous glacial cycles, or inaccuracies in that particular date, 349 
should not be ruled out until more dates are available. 350 
 351 
The chronology of the Last Glacial Cycle in the Pyrenees and the Mediterranean 352 
mountains 353 
The new dates from moraines and terraces in the Aragón Valley, though few in number, 354 
are consistent with most chronologies from the Pyrenees and other Mediterranean 355 
mountains (García-Ruiz et al. 2003; Woodward et al. 2004; Hughes et al. 2006; Hughes 356 
and Woodward 2008; García-Ruiz et al. 2010; Montserrat-Jiménez et al. 2012). 357 
Radiocarbon, OSL and cosmogenic surface exposure dating increasingly document an 358 
asynchroneity between the Scandinavian ice cap and the small glaciers in southern 359 
Europe (Calvet et al. 2011, 2012). In the 1980s, studies by Etlicher and De Goer de 360 
Hervé (1988) in the French Massif Central, and Seret et al. (1990) in the Vosges 361 
Mountains raised the possibility that the Würmian MIE did not occur at the same time 362 
globally, although the global Last Glacial Maximum occurred between 19 and 24 ka 363 
(Mix et al. 2001; Yokoyama et al. 2000). These hypotheses were based on 14C dates 364 
older than 30 000 yr BP obtained in glacier-related sediments. Mardones and Jalut 365 
(1983) dated a lacustrine sequence at the morainic front of the Pau Valley (near 366 
Lourdes, French Pyrenees) as 38 400 uncal. yr BP, and extrapolated to an age of 45 ka 367 
for the bottom of the deposit. They also attributed an age of 50–70 ka to the moraines 368 
that blocked the valley and created the glacial lake. The base of the glaciolacustrine 369 
deposit of Tramacastilla located in a divide between the Escarra and Lana Mayor 370 
valleys in the Gállego Valley was dated as 29 400 ± 600 14C yr BP (Montserrat 1992), 371 
when the divide was ice-free. Lateral moraines located approximately 100 m above the 372 
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lake suggested that the maximum expansion of the glacier was reached thousands of 373 
years earlier (García-Ruiz et al. 2001a, 2003). Montserrat (1992) also dated the base of 374 
the sediments in a doline located in the Gállego Valley (almost 20 km upstream of the 375 
MIE), at 20 800 ± 400 14C yr BP. This date also indicated that the Gállego glacier was of 376 
relatively modest extent during the LGM. Some of these dates, particularly those 377 
reported by Mardones and Jalut (1983), were criticized by Turner and Hannon (1988) 378 
suggesting that the radiocarbon dates were affected by a hard-water effect or by mixing 379 
of reworked organic matter. This hypothesis has been recently reiterated by Pallàs et al. 380 
(2006). 381 
However, several recent studies have shown similar results than the 1980s and 382 
1990s studies. Thus, González-Sampériz et al. (2006) studied the sedimentary and 383 
palynological characteristics of the glaciolacustrine deposit of El Portalet in the upper 384 
Gállego Valley, and obtained an age of 32 183–33 773 cal yr BP (calibrated with 385 
CALPAL, 2004) for the beginning of sedimentation following the glacial retreat. A 386 
hiatus in the lacustrine sequence at 19 250 ± 120 14C yr BP was interpreted as the 387 
consequence of erosion caused by re-advance of the glacier. Near El Portalet a peat-bog 388 
associated with a large, deep-seated landslide that temporarily blocked the Gállego 389 
River was dated at 20 120 ± 150 yr BP, indicating that the Gállego glacier was spatially 390 
restricted to areas in the headwater (García-Ruiz et al. 2003). These dates were obtained 391 
by radiocarbon dating of discrete organic matter fragments or concentrated pollen, thus 392 
minimizing a possible hard-water effect.  393 
These dates are consistent with recent OSL dates from the Gállego and Cinca 394 
valleys. In the Gállego Valley, Peña et al. (2004) dated the end moraine of Aurín at 85 ± 395 
5 ka, and at Senegüé (6 km upstream) as 35 ± 3 and 36 ± 2 ka. The date of the end 396 
moraine at Aurín has been re-evaluated because the proglacial terrace associated to the 397 
moraine was deposited at 69 ± 8 ka, and the same terrace level was dated as 66 ± 4 ka 398 
about 20 km downstream. For these reasons, Peña et al. (2004) argued that the age of 399 
the end moraine at Aurín is 66-69 ka (MIS 4). In the Cinca Valley, Sancho et al. (2003) 400 
and Lewis et al. (2009) dated fluvioglacial sands in the till corresponding to the MIE of 401 
the Cinca glacier at 62.7 ± 3.9 ka., consistent with the related terrace in the Cinca River 402 
(average age of 64.4 ± 4 ka) (Sancho et al. 2003). New OSL dates provided by Sancho 403 
et al. (2011) for a glaciolacustrine deposit and a lateral moraine in the Ara Valley, 404 
located between the Gállego and the Cinca valleys are also coherent with an older MIE. 405 
The Linás de Broto glaciolacustrine deposit corresponds to a lake developed in a 406 
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tributary valley (the Sorrosal stream) of the Ara Valley, dammed by the lateral moraine 407 
of the main glacier. Three samples from the glaciolacustrine deposit (55 ± 9, 82 ± 6 and 408 
49 ± 11 ka, respectively) and one sample from the lateral moraine at Viu (49 ± 8 ka) 409 
confirmed the occurrence of a cold period during MIS 4. 410 
Evidence for LGM glacial-related deposition in the Pyrenees is scarce. Loess 411 
deposits and the development of stratified screes in the Cinca Valley at approximately 412 
20 ± 3 ka (Lewis et al. 2009) and 22 800 ± 200 cal yr BP (García-Ruiz et al. 2001 b), 413 
respectively, are indicative of colder conditions during the global LGM. Lateral 414 
moraines representing a glacial re-advance in the Gállego (García-Ruiz et al. 2003) and 415 
Aragón Subordán (García-Ruiz and Martí-Bono 2011) valleys, occur several kilometers 416 
upstream of the MIE. 417 
Radiocarbon dates for the MIE similar to those reported for the Pyrenees have 418 
also been obtained in other Iberian mountains, particularly in the Cantabrian Range, 419 
where Jiménez-Sánchez and Farias (2002) reported a 34 177 ± 516 yr BP minimum age 420 
for a glacio-lacustrine deposit in the Redes Natural Park. Also in the Cantabrian Range, 421 
proglacial deposits in the Comella basin (Picos de Europa) were dated as 40 480 ± 820 422 
cal yr BP, and in Enol Lake as 38 000 ± 820 cal. yr BP (CALPAL 2004) (Moreno et al., 423 
2010). In a nearby peat bog at Cuetos (Trueba Valley) the MIE occurred at 29 149–424 
28 752 cal yr BP; and a new re-advance of minor extent, occurred later, perhaps 425 
corresponding to the LGM (Serrano et al. 2011). In the Sil valley, Jalut et al. (2010) 426 
estimated that deglaciation occurred between approximately 48 and 32 ka. 427 
However, recent studies in the Pyrenees based on 10Be exposure ages have 428 
provided younger dates, and re-opened the debate about the maximum extent of the 429 
Pyrenean glaciers. The analysis of 25 erosive surfaces and granodiorite blocks in the 430 
Upper Noguera Ribagorzana Valley (Central-Eastern Pyrenees) showed that the 431 
maximum extent of the ice tongue occurred c. 21 000 ± 4400 ka (based on an erratic 432 
boulder), whereas the dates for other inner surfaces and deposits were 16 000–11 000 ka 433 
(Pallàs et al. 2006; Rodés et al. 2008). Further east, the results from the morainic 434 
complex of the Têt Valley (Delmas et al. 2008) indicated a LGM (MIS 2) ice re-435 
advance (between 21.4 ± 3.7 and 24.9 ± 4.4 10Be ka) of similar magnitude that advances 436 
during MIS 5, MIS 4 and MIS 3. Other cosmogenic surface exposure ages have 437 
provided ages more coherent with an early MIE in the Pyrenees. For instance, Pallàs et 438 
al. (2010) studied a small basin (Malniu) in the Querol Valley and estimated the 439 
occurrence of the MIE at a minimum of 49.2 ± 1.3 10Be ka, and an almost similar 440 
advance during the global LGM. An older date of 76.5 ± 2 10Be ka was considered as 441 
inherited. The largest moraine in the Malniu complex gave an age of 21.3 ± 0.6 10 Be 442 
ka. In a study of the Ariège Valley, Delmas et al. (2011, 2012) concluded that the 443 
Würmian MIE occurred in the Pyrenees much earlier than the global LGM, with ice 444 
advances at 79.9 ± 14.3 and 35.3 ± 8.6 ka BP; the global LGM front was located 445 
approximately 7 km upstream of the MIE. In the Andorra Valley, where most of the 446 
data are still unpublished (Calvet et al. 2011), the ice-marginal lake sediment sequence 447 
at La Massana, developed after the two main ice tongues separated, returned AMS 448 
radiocarbon dates between 20.2 and 29.0 cal BP, with an indirectly deduced age of at 449 
least 41 ka on the basis of sedimentation rate estimations.  450 
Pre-Würmian glacial deposits have been described and dated in the Pyrenees.. 451 
Older glacial deposits were found by Martí-Bono (1996) and Serrano (1998) in a lateral 452 
valley of the Gállego glacier, several km from the Würmian deposits. In the Gállego 453 
Valley, the Sabiñánigo fluvioglacial terrace associated to some scattered till on the left 454 
side of the valley had OSL ages of 155 ± 24 and 156 ± 10 ka BP (Peña et al., 2004). 455 
Delmas et al. (2011) dated a deposit in the Ariège Valley at 122 ka BP exposure age, 456 
suggesting that the most extensive glaciation occurred during MIS 6 (190–130 ka BP). 457 
In northwest Spain (Queixa and Gêrez ranges), 21Ne and 10Be cosmogenic isotope 458 
analysis of glacier-polished bedrock surfaces and push-moraine boulders provided ages 459 
older than 232 ± 48 ka (MIS 8) and 135 ± 31 ka (MIS 6) (Fernández-Mosquera et al., 460 
2000). In the coastal mountains of the Adriatic Sea, extensive glaciations occurred 461 
during the Middle Pleistocene (i.e. MIS 12 and MIS 6) (Hughes et al. 2010, 2011). 462 
Chronological uncertainty about the MIE and the LGM persists in many 463 
southern European mountains also, partially associated to the different dating 464 
techniques. Thus, in the Campo Imperatore Valley (Central Apenines), Giraudi and 465 
Frezzotti (1997) dated the maximum extent of the glacier between 34 770 ± 638 cal yr 466 
BP and 26 239 ± 789 cal yr BP. In the mountains of Greece, Woodward et al. (2004) and 467 
Hughes et al. (2006 a) applied Uranium series dating methods in the Voidomatis basin 468 
(southern side of the Tymphi peak) and identified three glacial stages: (i) 80–70 ka, (ii) 469 
53 ± 4 ka, and (iii) 28.2–24.3 ka. In the Pindus Mountains the last local glacier 470 
maximum coincides with a fluvial aggradation phase in the Voidomatis River between 471 
30 and 24 ka (Hughes et al. 2000b). In the Turkish mountains the MIE coincided 472 
approximately with the global LGM (Akçar et al. 2007; Sarikaya et al. 2008). 473 
Three issues have to be discussed to evaluate these chronological differences: 474 
(i) The dating procedures. Every dating technique has limitation due to sampling 475 
problems or possible contamination. Radiocarbon ages from aquatic organic matter 476 
samples could be affected by ageing because of reservoir effects in carbonate 477 
watersheds, contamination with old carbon recycled from the watershed or older lake 478 
deposits. In the case of exposure dates, the choice of surface for analysis is critical 479 
because the original surface must have been preserved and subjected to continuous 480 
exposure since the ice retreat (in the case of eroded surfaces) or the moment of 481 
deposition (for erratic blocks or moraine ridges). The occurrence of such conditions is 482 
difficult to establish, which can cast doubts on the results.  483 
The congruency of dates obtained from different techniques increases the 484 
reliability of the chronological models. The coherence of OSL dates from moraines and 485 
terraces within the same morphostratigraphic context in the Gállego and Cinca valleys 486 
and the agreement of eight dates from the same terrace in the Cinca River at different 487 
locations (Lewis et al. 2009) strongly increases the reliability of those OSL dates, and 488 
consequently, of similar radiocarbon dates in those valleys. Until the most recent dates 489 
obtained from exposure ages (cosmogenics) (Pallàs et al. 2010; Delmas et al. 2011, 490 
2012), some authors (García-Ruiz et al. 2010) argued that radiocarbon and OSL dates 491 
would correspond to early advances, whereas exposure ages provided dates mostly from 492 
the global LGM. Nevertheless, recent exposure dates obtained from the Central-Eastern 493 
and Eastern Pyrenees tend to confirm the occurrence of the MIE earlier than the global 494 
LGM (Pallàs et al. 2010; Delmas et al. 2011, 2012). 495 
(ii) The glacio-morphological context of the samples. The deposits, surfaces and erratic 496 
blocks corresponding to the maximum advance of the glaciers are difficult to 497 
distinguish in some valleys, In the Gállego Valley, for example, the most extensive 498 
advance was identified by two minor tills, with almost no topographic significance 499 
(García-Ruiz et al. 2011). In most of the Pyrenean valleys the front of the maximum 500 
advance is difficult to distinguish. 501 
(iii) Regional response variability. The response to climate fluctuations during the last 502 
glacial cycle may have been different among the world’s glaciers. Latitude, exposure to 503 
wet winds, location on northern or southern slopes may result in marked response 504 
differences. Small glaciers also react more rapidly than large glaciers, with almost 505 
immediate expansion or contraction of the ice mass as a consequence of changes in 506 
precipitation and/or temperature (Delmas et al. 2008).  This rapid advance of small 507 
glaciers occurred during the Little Ice Age in the Pyrenees, the Cantabrian Range and 508 
the Balkans (Chueca et al. 2002; González-Trueba et al. 2008; Hughes 2010), and in 509 
recent years in a small glacier of the Durmitor massif, Montenegro (Hughes 2008). 510 
Thus, sustained growth of the Scandinavian ice cap and valley glaciers may have 511 
occurred between 80 000 and 50 000 yr. The greater inertia of the Scandinavian ice cap 512 
during MIS 3 could explain the stabilization or slower growth of the ice mass, during 513 
some of the abrupt changes (Dansgaard et al. 1993), whereas the Mediterranean valley 514 
glaciers would have undergone a retreat during the warm periods (i.e., interstadials 8 515 
and 12, dated at 37 and 45 ka, respectively), because of their greater sensitivity to 516 
climate fluctuations. Hughes et al. (2006) suggest that the most favourable factors for 517 
glaciation in some Mediterranean regions would have occurred during intermediate 518 
conditions, under sufficient moisture supply and relatively cold summer temperatures, 519 
when the climate was characterized by less extreme conditions than during the global 520 
LGM. These conditions would have happened between 30 and 25 ka BP in the Pindus 521 
Mountains, and 33 and 27 ka in the Apennines (Giraudi 2012),  522 
A decline in air temperature of 8–11ºC caused the maximum extent of the 523 
Scandinavian ice cap to be reached approximately 20–18 ka. The valley glaciers in the 524 
Mediterranean mountains grew during the global LGM, in some cases to a lesser extent 525 
than during the previous expansion (García-Ruiz et al. 2003), and in other cases to an 526 
extent similar to the previous MIE (Pallàs et al. 2010). The available paleoclimatic 527 
records in southern Europe suggest very cold conditions during the LGM (with an 528 
associated major expansion of steppe plants and a large reduction in trees), whereas the 529 
temperatures were less cold during the Lower Pleniglacial (about 75–45 ka BP), during 530 
which a succession of alternating relatively wet and cold stages occurred (Antoine et al. 531 
2001; Guiter et al. 2003). Some glacial deposits in the Central Pyrenees have been 532 
attributed to this stage (MIS 2), including lateral moraines in the Escarra Valley 533 
(García-Ruiz et al. 2001, 2003) and Aragón Subordán (García-Ruiz and Martí-Bono 534 
2011) valleys, and other deposits and glacial-eroded surfaces in the Eastern Pyrenees 535 
(Delmas et al. 2010; Pallàs et al. 2010) and the Central Range of the Iberian Peninsula 536 
(Palacios et al. 2012). 537 
Florineth and Schlüchter (2000) argued that during the MIS 4 and 3 the Polar 538 
Front was located at approximately 46ºN and favoured meridian circulation and, 539 
consequently, the growth of glaciers in western Scandinavia, the Pyrenees, the Vosges 540 
and the northern Alps, although the main Alpine ice cover was during MIS 2. Ivy-Ochs 541 
et al. (2008) and Preuser et al. (2007) proposed a similar explanation for the western 542 
Alps. After 30 000 yr BP the climatic conditions were increasingly dry, and 543 
consequently the re-advance of glaciers in southern Europe did not reach the same 544 
extent as during MIS 4 and 3. By the LGM (MIS 2) the Pyrenean glaciers had grown 545 
again, although their maximum extent remained upstream of the position of the glaciers 546 
during MIS 4 and 3. 547 
Regional responses during the LGM have also been suggested for the Pyrenees. 548 
Delmas et al. (2011) documented that in the eastern Pyrenees the Würmian MIE and 549 
LGM ice front reached similar positions, whereas in the central Pyrenees the LGM ice 550 
fronts would remain far behind the Würmian MIE. These authors suggested that such 551 
differences during the global LGM could be explained because of a west–east gradient 552 
in the Pyrenees. A possible mechanism would involve differences in sea-surface 553 
temperatures between the Western Mediterranean and the Atlantic Ocean (Bay of 554 
Biscay) and the strengthening of the Mediterranean low pressure systems, enhancing 555 
precipitation in the eastern Pyrenees and, consequently, glacier growth.  556 
 557 
Conclusions 558 
The Villanúa basin complex, in the Aragón Valley (Central-Western Pyrenees) is one of 559 
the largest glacier terminal basins in the Pyrenees. Six frontal arcs and three lateral 560 
morainic ridges were identified on the sides of the valley, and the new OSL dates are 561 
consistent with most Pyrenees, Iberian and Mediterranean mountains. The main 562 
moraines (M1 and M2) correspond to two glacial stages (Rissian and Würmian), dated 563 
at 171 ± 22 ka BP and 68 ± 7 ka, respectively. Other minor frontal arcs correspond to 564 
new advances during the last glacial cycle. M1 is apparently linked to the 60 m 565 
fluvioglacial terrace, dated in a tributary of the Aragón River as 263 ± 21 ka. The 566 
difference in age between M1 (171 ± 22 ka BP) and the 60 m terrace (263 ± 21 ka) 567 
suggests that the terrace may belong to a previous glacial stage, although the distance 568 
between the moraine M1 and the sampling site in the 60 m terrace makes this 569 
conclusion less certain. Moraine M2 was clearly linked to the 20 m fluvioglacial terrace, 570 
The minor moraines were related to the 7–8 m terrace. 571 
 These new dates confirm that the Villanúa-Castiello de Jaca complex was 572 
formed during at least two main glacial stages, and perhaps three if the M1 terrace and 573 
the 60 m terrace were not connected. 574 
  The dates for the last glacial cycle are consistent with an early maximum 575 
advance in the Central Pyrenees, as previously demonstrated in the Gállego and Cinca 576 
valleys, the north face of the Pyrenees, the Cantabrian Ranges, and other Mediterranean 577 
mountains. New cosmogenic dates from boulders and polished surfaces in the Pyrenees 578 
confirm the asynchroneity between the MIE and the global LGM, and a minor advance 579 
during the global LGM. The occurrence of asynchroneity between the Mediterranean 580 
mountains and the Scandinavian ice field can be explained by regional climate 581 
differences and the rapid response of small valley glaciers to rapid climatic changes 582 
during the Upper Pleistocene. 583 
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FIGURE CAPTIONS 876 
Figure 1. The Aragón Valley glacier and other main glacial valleys in the Central-877 
Western Pyrenees during the Maximum Ice Extent (MIE), coinciding most probably 878 
with MIS 4. In grey, the maximum extent of the ice tongues. Heavy black lines 879 
represent the main moraines. The box corresponds to the area represented in Figure 2. 880 
 881 
Figure 2. The terminal complex of the Aragón Valley glacier. Sections A–B and C–D 882 
are shown in Figure 6. 883 
 884 
Figure 3. Downstream perspective of the Villanúa glacial basin, showing the main end 885 
moraines (M1 and M2, and the 60 m terrace related to M1). 886 
 887 
Figure 4. Moraines m2 and m3, forming small transverse hills at the bottom of the 888 
Villanúa glacial basin. The ice flow was from left to right. 889 
 890 
Figure 5. Abrasion indexes of the Permian sandstone clasts in four frontal moraines of 891 
the Villanúa basin complex. 1: moraine M2. 2: moraine M1. 3: moraine m3. 4: moraine 892 
m2. Source: Martí-Bono (1973). 893 
 894 
Figure 6. Relationships between glacial deposits and fluvial terraces in the terminal 895 
area of the Aragón Valley glacier. The location of the section is shown in Figure 2. 896 
Black dots represent the sampling sites for OSL dating. 897 
 898 
Figure 7. Relationships between the flatness and abrasion indexes in fluvial, 899 
fluvioglacial and till deposits of the Aragón Valley. Source: Martí-Bono (1973). 900 
 901 
Figure 8. Cross section in the moraine m2, where a sample for OSL was taken. 902 
 903 
Figure 9. A trench in the 60 m terrace at Javierregay, showing a sandy outcrop where a 904 
sample for OSL dating was taken. 905 
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